We present the synthesis and characterization of nanocrystalline II-VI semiconductors of mixed composition (CdSe/ZnSe, CdS) grown in fatty acid Langmuir-Schaefer multi-layer templates. The controlled production of i) homogeneous nanocrystalline Cd x Zn 1;x Se alloys and ii) heterogeneous mixtures of di erent pure composition II-VI semiconductors such as CdSe and ZnSe provides, in addition to the size control, the parameter of the chemical composition for the ne tuning of the electronic properties. The samples are characterized by optical and quasi-resonance micro-Raman spectroscopy.
INTRODUCTION
Among semiconductor nanostructures particularly interesting are nanocrystals or nanoclusters, given the relative ease and inexpensiveness of their production. Nanocrystals exhibit a wide range of properties which can be altered just by size control. The case of II-VI family semiconductors is paradigmatic. For instance, in CdS nanocrystals the value of the band gap can bevaried from 2.5 (bulk value) to 4 e V the melting point ranges from 1600 to 400 C the pressure required to induce solid-solid phase transitions (e.g. zinc blend to rock salt structure) increases from 2 to 9 G P a 1].
The possibility o f size-tailoring the properties of semiconductor nanocrystals along with that of their synthesis in di erent environments has also led to interesting studies aimed to exploit their properties in elds such as e.g. nanoelectronics 2] and non-linear optics 3]. Indeed, semiconductor nanocrystals have been synthesized so far in various environments and using several di erent c hemical-physical techniques (see f.i. 4])
Among the several approaches developed for the nanocrystal synthesis, that which takes advantage of the lamellar structure of fatty acid salt Langmuir-Schaefer lms used as templates 5] has been shown to provide an easy route for achieving clusters of about 3 nm in size, embedded in an organic matrix which prevents them from degradation. This special synthesis moreover, allows to exploit the "plasticity" of the Langmuir-Schaefer architecture for coating electrodes, screens, etc. with a thin lm of semiconductor nanoclusters 6]. Nanocrystals produced by this technique can be partially tailored in size by processing with chemical (washing in non polar solvent 7]) or physical (thermal annealing 8]) means and display structural anisotropy and consequent di erent electronic properties in the non-degenerate spatial orientations (in-plane vs out-of-plane). However, since the synthetic route is mainly ruled by the template structure, the available range of sizes is not very large. Therefore, it would bevery interesting to have techniques which can nely tune the electronic structure and properties of these nanocrystals not only by size, but also by chemical composition.
We report the synthesis, optical and Raman characterization of mixed CdSe-ZnSe nanocrystals obtained by the LS template approach. The composition of the mixed crystals has been obtained by varying the concentration of the relative salts in aqueous sub-phase of the Langmuir trough, demonstrating the possibility of a ne tuning of the band gap in semiconductor nanocrystals not only by size-tailoring but also by v arying chemical composition. The mixed nanocrystals stoichiometry was veri ed by means of the observed two m o d e behavior of the LO fundamental Resonance Raman peak. Furthermore, through variations in Raman LO peakposition and shape-and in Linear Dichroism spectra -we were able to determine the e ects on the nanoparticles shape and size of the sample preparation and of the following treatments (for a preliminary report, see 8]).
EXPERIMENTAL
Nanoparticle Cd x Zn 1;x Se multi-layers were prepared according to the following protocol: in the high purity w ater sub-phase of a commercial trough (KSV-5000) we dissolved a mixture of metal chlorides (CdCl 2 ) x /(ZnCl 2 ) (1;x) -w i t h v arying composition parameter x -for a total concentration of 1mM a chloroform solution of arachidic acid (1mg/ml) was then spread onto the liquid surface and slowly compressed up to the surface pressure of 28mN/m. After a suitable incubation time, typically 100 layers of metal (Cd, Zn) arachidate were transferred onto clean Si or quartz substrates (for Raman and UV-Vis spectrometry respectively) by t h e horizontal dipping (Langmuir Schaefer, LS) technique. As we demonstrate in the following, the composition x of the salt dissolved in the sub-phase determines the nal composition of the nanocrystals.
The multi-layers were then exposed to a hydrogen selenide or sul de (H 2 Se, H 2 S) atmosphere for a minimum of 12 hrs and a maximum of 5 days. The acid was produced by reaction of FeSe or FeS with 1:1 water-diluted HCl in a glass reactor connected trough suitable glass/Te on piping to the sample chamber. The formation of the semiconducting metal-selenide implies the reduction of the metal-arachidate into arachidic acid. We routinely followed the completion of the reaction by monitoring the FT-IR absorption due to the -COO ; and -COOH subgroup vibrations, which occur at 1540cm ;1 and 1701cm ;1 respectively.
The micro-Raman spectra were collected at RT i n b a c k-scattering geometry with a long working distance/high numeric aperture 50x objective. The scattered light w as appropriately ltered and detected with a LN 2 cooled CCD micro-Raman spectrometer. The excitation light was provided by an Ar + laser with wavelength =488.0 nm, power on the sample 1mW. We have also used the 632.8nm He-Ne laser line to investigate resonance e ects. The sample was placed at an angle of 45 with the optical axis of the system, in order to maximize the amplitude of the Raman signal. The optical characteristics of the notch lter imposed a 150 cm ;1 lower limit on the spectral range of the spectrometer, so that basically only the higher frequency LO phonons could be observed. Our spectral resolution was 3 cm ;1 and typical integration time was 10-15 sec. Finally, optical absorption spectra were taken with a double beam spectrophotometer equipped with a Glan-Thompsom quartz linear polarizer mounted on a goniometer (accuracy 1 ). In the case of polarized spectra, V and H polarized absorption was measured with the sample oriented at 45 to the direction of incident light in the wavelength range 250-500 nm. The LD parameter LD=(A V -A H )/(A V +A H ) w as then calculated from the measured spectra. We rst characterized the multi-layers by UV-Vis spectrometry. The onsets of the absorption bands in bulk CdSe and ZnSe (which occur at 720 nm and 480 nm respectively at RT) are known to blue shift when the particle size is reduced 1] due to quantum connement e ects. In spite of a broad distribution of the observed onset of the absorption, which is most probably due to the particle size distribution, and which results in a smearing of the feature, we measured a blue shift of the order of 100 nm, which is consistent with the previously found blue-shift from the bulk value of 520 nm to 400 nm in 1.5-2 nm size CdS nanoparticles 8]. The broad distribution of particle sizes probed by the UV-Vis spectrometry results in a relaxation of the sharpness of the conditions for resonance Raman scattering. Raman spectroscopy has beenused to study the small size-induced folding of acoustic vibrations, the structural and morphological non-homogeneities via their e ect on the position, width and shape of selected vibrations, particularly the LO phonons, the quantum size e ects on electron-vibration coupling 9]. In the case of II-VIsemiconductors Raman spectroscopy is particularly useful since their band gaps fall in the visible part of the spectrum, thus allowing the dramatic signal enhancement due to resonance e ects and the further useful size dependent e ects connected with the fundamental mechanism of resonant Raman scattering 10]. Furthermore in CdS nanocrystals of varying size (1 to 7 nm) the Resonance Raman LO phonon energy is found almost independent on the particle size, while its width increases with decreasing the particle size 9]. In CdSe nanoparticles (45 3 A in size) the Raman intensity of the LO phonon and of its overtones was used to determine the size of the nanocrystals and the strength of the coupling between the HOMO-LUMO transition and the LO phonon in the nanoparticles 11]. In our case we collected spectra with a given excitation wavelength, thus most e ectively probing those nanoparticles whose band gap more closely matches the energy of the excitation light. In spite of the broad distribution of particles sizes, resonance Raman scattering selects a narrow distribution, whose peak however depends on the excitation wavelength. This can lead to the complication that upon changing the wavelength, as is customarily done in resonance Raman studies, two parameters are simultaneously changed: the resonance condition, and the e ective particle size probed. Keeping this in mind, we selected the excitation wavelength =488nm because it e ectively couples with Cd x Zn 1;x Se nanoparticles of all compositions x in a quasi-resonance Raman condition, thus minimizing the e ect of changing the e ective resonance condition with particle size, and still yield spectra with good signal to noise ratio. The LO phonon is characterized by di erent energies in di erent compounds: 305 cm in ZnSe. The decrease in the Raman intensity on the low energy side of all the spectra is due to the e ect of the Notch lter. In gure 1 (top right p a n e l ) w e report the tted Raman peak positions its continuous shift as a function of the composition parameter x indicates the formation of an homogeneous solid solutions Cd x Zn 1;x Se for each composition. The width of the LO peak(bottom right panel of Fig. 1 ) is invariably higher in the intermediate compositions than in pure CdSe or ZnSe. This may beattributed to the local structure which is more disordered in the alloys than in the pure compounds, due to composition uctuations and/or to lattice mismatch.
RESULTS AND DISCUSSION
We have also shown the possibility of producing heterogeneous mixtures of nanocrystals of di erent composition. We started by synthesizing a CdSe nanocrystal multilayer as described above. The sample was subsequently kept in ZnCl 2 1mM water solution for 16 hours. This reverted almost completely the arachidic acid into Zn-arachidate, as checked by FT-IR absorption, while leaving the adherent CdSe nanocrystals unchanged, as checked by the observation of the corresponding Raman peak. The sample was then exposed to H 2 Se for 24 hours, which allowed the production of ZnSe nanocrystals by reducing the Zn-arachidate to arachidic acid, as checked by FT-IR. The resulting lm, as characterized by Raman spectroscopy ( gure 2), shows the simultaneous presence of the CdSe and ZnSe nanocrystals, as indicated by the two, distinct, LO phonon peaks. By this procedure we have exploited the arachidic acid matrix as a template for the repeated production of nanocrystals of di erent compositions. Finally, w e wish to report on the e ects of washing the sample with non polarsolvents, (typically CHCl 3 or benzene) and of thermal annealing on the pre-formed samples. Both these approaches in uence the size of the nanocrystals as shown by variations of the onset of their optical absorbance and the ratio of the rst overtone to fundamental LO peak in Raman spectra. In particular, the washing action, while removing up to 95% of the organic matrix, induces an increase of the e ective nanocrystal size. This was shown (Fig. 3) in the case of CdS by the analysis of dichroic optical absorption spectra of the samples before and after washing: in particular, we measured a shift in the in-plane optical absorption onset from 400 to 450 nm according to the Empirical Pseudopotential Method developed by Rama Krishna and Friesner 12], this would indicate a size increase from 3 to about 4.5 nm. We note that this increase does not seem to alter the shape, and in particular the anisotropy, of our nanocrystals, as evidenced by both dichroic absorption and polarized resonant Raman data. In fact the lower energy part of both the dichroic spectra show a decrease of the ratio which is connected to the increase of the absorption polarized in the direction perpendicular to that of the lm plane. This fact implies a remarkable anisotropy in the nanocrystal shape (a nanocluster thickness of 1.5-2 nm can be inferred from the position of the onset of the absorption band using the out-of-plane polarization). Note that the washing treatment (dashed curve) has also led to the loss of dichroism at higher energies: this shows that such continuous background is due to the Rayleigh scattering from highly anisotropic fatty acid domains. On the other hand, thermal annealing performed for 1 h at 50 C (i.e. below the melting point of the organic matrix), shows a systematic increase of the integrated overtone to fundamental ratio in the LO peak, suggesting that the nanocrystal size has increased. In this case, however, the quanti cation of the e ect is more problematic since varying the crystal size a ects also the resonance conditions for Raman scattering. A possible explanation can be found in the result that if annealing is performed above the organic arachidate melting temperature (f.i. 100 C), the integrated overtone to fundamental ratio tends to decrease and LD is destroyed. This fact is connected with the irreversible loss of the lamellar order of the original template (melting of the LS lm) which results in an average of the anisotropic nanocrystal orientations and possibly in a loss of the anisotropy, which was due after all to the growth in the con ned geometry of the fatty acid.
CONCLUSIONS.
By FT-IR and quasi-resonance Raman spectroscopy w e h a ve demonstrated the controlled production of i) homogeneous nanocrystalline Cd x Zn 1;x Se alloys and ii) heterogeneous mixtures of di erent pure composition II-VI semiconductors such as CdSe and ZnSe. The annealing may h a ve t wo e ects: that of disordering the fatty acid matrix to a larger or smaller extent depending on temperature, and hence lead to an isotropization of the orientational distribution of the nanocrystals, and that of allowing growth in the "third" dimension, which would reduce the anisotropy o f t h e single nanocrystal.
